The retinoblastoma tumor suppressor protein (RB) is targeted for inactivation in the majority of human tumors, underscoring its critical role in attenuating cellular proliferation. RB inhibits proliferation by repressing the transcription of genes that are essential for cell cycle progression. To repress transcription, RB assembles multiprotein complexes containing chromatin-modifying enzymes, including histone deacetylases (HDACs). However, the extent to which HDACs participate in transcriptional repression and are required for RB-mediated repression has not been established. Here, we investigated the role of HDACs in RB-dependent cell cycle inhibition and transcriptional repression. We find that active RB mediates histone deacetylation on cyclin A, Cdc2, topoisomerase II␣, and thymidylate synthase promoters. We also demonstrate that this deacetylation is HDAC dependent, since the HDAC inhibitor trichostatin A (TSA) prevented histone deacetylation at each promoter. However, TSA treatment blocked RB repression of only a specific subset of genes, thereby demonstrating that the requirement of HDACs for RB-mediated transcriptional repression is promoter specific. The HDAC-independent repression was not associated with DNA methylation or gene silencing but was readily reversible. We show that this form of repression resulted in altered chromatin structure and was dependent on SWI/SNF chromatin remodeling activity. Importantly, we find that cell cycle inhibitory action of RB is not intrinsically dependent on the ability to recruit HDAC activity. Thus, while HDACs do play a major role in RB-mediated repression, they are dispensable for the repression of critical targets leading to cell cycle arrest.
The retinoblastoma tumor suppressor, RB, functions as a negative regulator of cell cycle progression that is frequently inactivated in human cancers (10, 22, 75) . In G 0 and early G 1 cells, RB is hypophosphorylated and inhibits the transition into the S phase of the cell cycle. Mitogenic signaling cascades activate CDK4/cyclin D1 complexes that initiate the phosphorylation of RB on a subset of serine and threonine residues (65) . Subsequent phosphorylation catalyzed by CDK2/cyclin E leads to RB hyperphosphorylation (23) . These combined events serve to functionally inactivate RB and thereby facilitate progression through the S phase (2, 23) . In contrast with mitogenic signaling pathways, antimitogens (e.g., transforming growth factor ␤ or DNA damage) serve to inhibit RB phosphorylation and prevent progression through the cell cycle (28) . Thus, RB integrates multiple signaling cascades to modify proliferation. In cancer, RB is inactivated through the activity of several disparate mechanisms. These modes of inactivation include the biallelic inactivation of the RB gene, binding by oncoproteins of DNA tumor viruses, and aberrant phosphorylation (2, 3, 30, 59, 62, 76) . Through these distinct mechanisms of RB inactivation, tumors are able to evade cell cycle regulation and proliferate uncontrollably.
RB inhibits cellular proliferation by assembling complexes involved in transcriptional repression. Biochemical analyses have shown that RB interacts with a plethora (Ͼ100) of different cellular proteins (46) . The significance of most of these interactions remains elusive. However, the E2F family of transcription factors represents critical targets of RB (8, 16, 49) . E2F complexes exist in vivo as heterodimers composed of subunits from E2F (E2F1 to E2F6) and DP (DP1 and DP2) gene families. E2F-DP heterodimers bind to specific DNA sequences and function as transcriptional activators. E2F-responsive genes include cell cycle regulators, such as cyclin E, cyclin A, cdc2, and cdk2 (5, 12, 18, 20, 29, 54, 61, 73) , as well as factors important for DNA synthesis, including DNA polymerase ␣, thymidine kinase, and dihydrofolate reductase (31, 53, 57, 69) . Recently, E2F proteins have been shown to directly interact with the promoters of many of these genes (72, 78) .
Genetic and biochemical analyses have shown RB to functionally antagonize E2F activity (27, 64) . In addition, we have recently shown that RB potently represses a significant number of E2F-regulated genes that are requisite for cell cycle progression (42) . Currently, there are two models which describe how RB impinges upon E2F-directed transcription: (i) RB binds to the E2F family of transcription factors, thus blocking their transactivation capacity (17, 27) , and (ii) RB assembles large multiprotein complexes at E2F-regulated promoters that actively repress transcription (7, 63, 77) . A number of functional studies demonstrate that E2F-dependent repression is required for RB to inhibit proliferation. For example, E2F alleles which displace E2F/RB complexes from DNA inhibit RB-dependent cell cycle control (82) .
To facilitate transcriptional repression, RB interacts not only with E2F but also with multiple corepressor molecules. Many of these interactions are mediated by LXCXE motifs that are present in the corepressor and which interact with the A/B pocket domain of RB (6, 15, 68) . For example, RB interacts with histone deacetylases (HDAC) (6, 11, 36, 39, 40) , ATP-dependent chromatin-modifying enzymes BRG-1 and BRM (15, 68) , and histone methyltransferases (52) which contain LXCXE motifs. It is believed that these enzymes play critical roles in RB-mediated transcriptional repression. Such an idea is supported by the observation that the combined loss of BRG-1 and BRM compromise RB-mediated transcriptional repression and cell cycle inhibition (71) . In contrast, the discrete role of HDACs in cell cycle control is less clear.
Acetylation and deacetylation of core histones is a key mechanism by which transcription can be altered (21) . In general, transcriptional activators recruit histone acetyltransferases (HATs), which add acetyl groups to the lysine residues of histone tails. This acetylation neutralizes the positive charge on lysine, resulting in loosening of the chromatin structure. Such disruption is believed to unfold DNA, allowing basal transcription machinery to gain access to the promoter regions of genes that are to be activated. In contrast, HDACs remove acetyl groups from lysine residues of core histones, thereby preventing basal transcription machinery access to the promoter. Indeed, transcriptional repressors recruit HDACs and make use of their transcription suppression function (21, 24-26, 35, 51) . HDACs belong to a family of enzymes which is divided into three different classes, encompassing Ͼ10 distinct proteins (43) . Three of these HDACs (HDAC1 to HDAC3) have been shown to interact with RB (6, 9, 11, 36, 37, 39, 40) . It was initially demonstrated that RB could recruit HDAC1 and mediate histone deacetylation at a synthetic promoter (39) . Further studies have shown that several endogenous RB/E2F-regulated promoters exhibit changes in promoter histone acetylation as a function of cell cycle position (47, 58) . However, no direct evidence has elucidated a role for HDACs in cell cycle inhibition and transcriptional repression mediated by RB.
Here we focused on delineating the role of HDACs in RB function. We found that RB-mediated repression occurs in concert with the deacetylation of histones. These deacetylation events are catalyzed through the action of HDACs, as addition of the HDAC inhibitor trichostatin A (TSA) prevents RBmediated histone deacetylation. The functional requirement of HDACs exhibited promoter specificity, as only a subset of RB targets remained repressed when HDAC activity was inhibited. The HDAC-independent repression was shown to be readily reversible and independent of DNA methylation, and such repression required functional SWI/SNF activity. Importantly, inhibition of HDAC activity with TSA was not sufficient to overcome RB-mediated cell cycle arrest. Together, these data provide critical insights into the action of RB in transcriptional repression and the relative role of HDACs in cell cycle control.
MATERIALS AND METHODS
Cell culture. The A5-1 cell line, harboring conditional expression of a phosphorylation site mutant RB (PSM-RB) (1), was cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-denatured fetal bovine serum, glutamine, penicillin-streptomycin, G418 (400 g/ml), hygromycin B (200 g/ ml), and doxycycline (Dox; 1 g/ml). To induce expression of PSM-RB, cells were washed with phosphate-buffered saline (PBS) and maintained in media lacking Dox for times as indicated. TSA (Sigma, St. Louis, Mo.) was added to the culture media in concentrations as described. Freshly prepared medium containing 5 M 5-aza-2-deoxycytidine (Sigma) was added every 24 h for 96 h, and cells were subsequently maintained in the presence or absence of Dox for another 24 h.
Western blotting. Immunoblotting was performed by following standard biochemical techniques. To detect histone H4 and acetylated histone H4, proteins were isolated by acid extraction. Antibodies against the following proteins were used: RB 851 (gift from Jean Wang), cyclin A (sc-751; Santa Cruz), Cdc2 (sc-747; Santa Cruz), topoisomerase II␣ (topoII␣; TopoGen, Inc.), thymidylate synthase (TS; gift from Masakazu Fukushima), RNRII (sc-10848; Santa Cruz), BRG-1 (sc-17796; Santa Cruz), ␤-tubulin (sc-5274; Santa Cruz), FLAG M2 (F-3165; Sigma), histone H4 (07-108; Upstate Biotechnology), acetylated histone H4 (06-866; Upstate Biotechnology), HDAC1 (sc-7872; Santa Cruz), and HDAC3 (sc-11417; Santa Cruz).
Plasmids. Primers were used to amplify from rat genomic DNA the following gene promoter regions: topoII␣, bases Ϫ217 to Ϫ19 (79); TS, bases Ϫ124 to Ϫ5 (38); Cdc2, bases Ϫ193 to Ϫ1 (66); cyclin A, bases Ϫ135 to ϩ33 (67); and ribonucleotide reductase II, bases Ϫ310 to Ϫ26. These promoter regions were cloned into the firefly luciferase expression vector pGL2-Basic (Promega, Madison, Wis.) and then confirmed by DNA sequencing. The pTS-dnBRG-1 construct has been described previously (13, 14) .
Generation of stable cell lines and transcriptional reporter assays. The reporter constructs along with the empty vector pGL2-B were integrated into the A5-1 cell line, and three clones were isolated for each construct. Each clone was cultured in the presence or absence of Dox for 18 h. Cells were then harvested, and luciferase activity was quantified by using the Promega luciferase assay kit. Luciferase activity was normalized to total protein concentration by using the D C protein assay (Bio-Rad, Hercules, Calif.). Reporter assays were also performed on cells treated with a 100 nM concentration of the HDAC inhibitor TSA (Sigma) for 18 h in the presence or absence of Dox. The pTS-dnBRG-1 plasmid was transfected into A5-1 cells and selected for the stable inducible expression of dnBRG-1 by FLAG immunoblot.
RT-PCR. A5-1 cells were maintained in the presence or absence of Dox for 18 h prior to RNA extraction by using TRIzol (Invitrogen, Carlsbad, Calif.). Reverse transcription (RT) of purified RNA was performed using oligo(dT) priming and Superscript II RT (Invitrogen). cDNA was then amplified for 24 to 28 cycles by using the following primer pairs: for topoII␣, 5Ј-TGCCCAGTTAG CTGGGTCAGTG-3Ј and 5Ј-TGAGCATTGTAAAGATGTACCT-3Ј (200 bp); for TS, 5Ј-TTTTATGTGGTGAATGGGGAGC-3Ј and 5Ј-TGGGAAAGGTCT TGGTTCTCGC-3Ј (231 bp); for Cdc2, 5Ј-GGATTGTGTTTTGTCACTCCC G-3Ј and 5Ј-CCTATGCTCCAGATGTCAACCG-3Ј (229 bp); for cyclin A, 5Ј-GAGAATGTCAACCCCGAAAAAG-3Ј and 5Ј-TGGTGAAGGCAGGCTGT TTAC-3Ј (205 bp); for RNRII, 5Ј-CTTCAACGCCATTGAGACAA-3Ј and 5Ј-TCACAGTGCAGACCCTCATC-3Ј (234 bp); for ␤-actin, 5Ј-ATGGATGACG ATATCGCTGC-3Ј and 5Ј-CTTCTGACCCATACCCACCA-3Ј (150 bp); and for BRG1-FLAG, 5Ј-GCCCGTGGACTTCAAG-3Ј and 5Ј-CGTCGTCCTTG TAGTCG-3Ј (450 bp). PCR products were resolved by agarose gel electrophoresis and visualized by ethidium bromide staining. RT-PCR was also performed on RNA extracted from A5-1 cells that had been treated with 100 nM TSA for 18 h in the presence or absence of Dox.
BrdU incorporation and flow cytometry. A5-1 cells were cultured in the presence or absence of Dox and 100 nM TSA for 16 h. To detect progression through S phase, cells were pulse-labeled with bromodeoxyuridine (BrdU; Amersham). Following 8 h of labeling, cells were fixed and BrdU incorporation was detected by indirect immunofluorescence (anti-BrdU; Accurate Scientific). Results are representative of three independent experiments. Flow cytometry was performed as previously described (32) .
Chromatin immunoprecipitation assays. Chromatin immunoprecipitation (ChIP) assays were performed as previously described (78) with a few modifications. A5-1 cells were cultured in 15-cm culture plates with or without Dox and TSA for 24 h. Formaldehyde (Fisher Scientific) was added directly into the culture medium to a final concentration of 1% and fixed for 15 min at room temperature with mild shaking. To stop the fixation reaction, glycine was added to a final concentration of 0.125 M. Cells were then washed with ice-cold PBS and harvested by trypsinization (20% in PBS). Cells were lysed in cell lysis buffer (5 mM PIPES [pH 8.0], 85 mM KCl, 0.5% NP-40, 0.5 mM phenylmethylsulfonyl fluoride, 100 ng of leupeptin and aprotinin per ml) and then incubated on ice for 10 min. Nuclei were collected by microcentrifugation (3,000 ϫ g for 5 min) and resuspended in nucleus lysis buffer (50 8 .0], 1 mM EDTA) buffer. After washing, immune complexes were eluted by adding elution buffer (50 mM NaHCO 3 , 1% SDS). Inputs were processed from 1% of the total chromatin used in IPs. Cross-links were reversed by the addition of NaCl to a final concentration of 300 mM, and RNA was removed by the addition of 10 g of RNase per sample followed by incubation at 65°C for 6 h. DNA was purified using the QIAquick PCR Purification Kit by following the manufacturer's protocol (QIAGEN, Valencia, Calif.). Promoter regions for the genes encoding the indicated proteins were then amplified with the following primer pairs: for cyclin A, 5Ј-CGACCGGCGCTCCTGGTGACGTC-3Ј and 5Ј-TGGCGGCCGACGCACGGAGCA-3Ј; for Cdc2, 5Ј-TGAGCTCAAGAGTCA GTTGGCGCC-3Ј and 5Ј-CGGCACAGCAGTTTCAAACTCAC-3Ј; for topoII␣, 5Ј-GACCGTCTGCGATTGATTGC-3Ј and 5Ј-TGACCGTCCT GAAGGGGCTC-3Ј; for TS, 5Ј-GGGTCTGTCAATTTCGG-3Ј and 5Ј-GAGC AGTCTGGTGGCAGTGTAGTC-3Ј; for myogenin, 5Ј-AGAGGGAAGGGGA ATCACAT-3Ј and 5Ј-TCCATCAGGTCGGAAAAGAC-3Ј; and for hypoxanthine-guanine phosphoribosyltransferase, 5Ј-CAGGCCCAACTTGTCAGAA C-3Ј and 5Ј-TGCACAACACCTCAGAGACG-3Ј. PCR was performed in a 50-l volume containing 3 l of purified DNA, 50 ng of each primer set, 0.25 U of Taq DNA polymerase (Promega), and 5 Ci of [␣-
32 P]dCTP. PCR parame ters were 94°C for 4 min; 27 cycles of 94°C for 30 s, annealing for 30 s, 72°C for 30 s, and a final extension at 72°C for 10 min. PCR products were separated on a 6% polyacrylamide gel and visualized with a phosphorimager (Molecular Dynamics, Sunnyvale, Calif.).
Restriction enzyme accessibility assay. The restriction enzyme accessibility assay was used to investigate nucleosome position at the cyclin A promoter. This assay was performed as previously described (4, 56) . Nuclei were harvested from A5-1 cells that were grown in the presence and absence of Dox for 18 h. Nuclei permeabilized in 0.5% NP-40 were digested with EagI for 2 h at 37°C followed by digestion in 1 mg of proteinase K (Sigma) per ml overnight. Protein-free genomic DNA was extracted and subsequently digested overnight with KpnI and EcoRI. Digested DNA was then resolved by agarose gel electrophoresis and transferred onto an Immobilon-Ny nylon membrane (Millipore). Enzyme accessibility was visualized by radioactive Southern blot with a probe generated by PCR against bases Ϫ135 to ϩ33 of the cyclin A gene promoter. problem, we utilized a PSM-RB that is refractory to phosphorylation and is therefore constitutively active. In this study, a Rat-1-derived cell line with tetracycline-regulated PSM-RB expression (A5-1) was utilized to specifically analyze the downstream action of RB. In order to confirm the cell cycle inhibitory potential of PSM-RB in this setting, we examined the BrdU incorporation of A5-1 cells cultured in the presence or absence of the tetracycline analogue Dox. Consistent with previously reported data, we found that the induction of PSM-RB upon removal of Dox dramatically reduced the number of BrdU-positive cells (Fig. 1A) . Therefore, A5-1 cells represent an effective model for the study of RB activity. We have recently identified and validated a large number of RB-repressed target genes by using microarray analysis (42) . To initially investigate the promoter activity of representative genes, we cloned regions of the genes encoding the cyclin A, Cdc2, topoII␣, and TS promoters into the luciferase reporter vector pGL2-B (Fig. 1B) . These cloned promoter fragments represent less than two nucleosomes of DNA and are thus useful for investigating the regulatory action of RB on a relatively small region of chromatin. The reporter constructs and the vector (pGL2-B) were then integrated into A5-1 cells to provide an effective means for studying promoter activity in the context of chromatin. Three independent clones for each construct were selected and maintained in medium with or without Dox for 18 h. We found that the activity of cyclin A, Cdc2, topoII␣, and TS promoters was reduced three-to fivefold upon induction of PSM-RB expression (Fig. 1C , compare ϩDox to ϪDox). In contrast, PSM-RB had no effect on the basal transcription of pGL2-B. These data demonstrate that active RB represses the promoter activity of these genes in chromatin.
RESULTS

Active
Next we investigated the correlation between promoter activity and endogenous RNA levels (Fig. 1D) . We utilized RT-PCR to determine the levels of endogenous RNA in A5-1 cells that were cultured in the presence or absence of Dox. Induction of active RB attenuated the expression of cyclin A, Cdc2, topoII␣, and TS RNA (Fig. 1D , compare ϩDox to ϪDox). In contrast, induction of PSM-RB had no effect on the expression of the ␤-actin gene. Consistent with these observations, endogenous protein levels of cyclin A, Cdc2, topoII␣, and TS were also attenuated when Dox was removed from the medium (Fig.  1E , compare ϩDox to ϪDox). The attenuations are due to the presence of PSM-RB and not merely to differences in loading, as revealed by immunoblotting for ␤-tubulin. Immunoblotting with a PSM-RB-specific antibody clearly demonstrated that PSM-RB is expressed only in the absence of Dox (Fig. 1E) . Taken together, these results confirm that active RB inhibits the expression of the genes encoding cyclin A, Cdc2, topoII␣, and TS by repressing promoter activity.
Active RB induces histone deacetylation at promoters of specific cell cycle genes. RB has been shown to recruit HDACs to the promoters of target genes (81) . This event is believed to be responsible for transcriptional repression and the subsequent antiproliferative action of RB. However, the extent to which HDACs are required for RB to act as a transcriptional repressor and tumor suppressor is unclear. To assess the action of HDAC enzymatic activity in RB-mediated transcriptional repression, we utilized in vivo formaldehyde cross-linking of DNA-protein complexes followed by ChIP assay. Initially, we validated the linearity of PCR amplification over a wide range of template concentrations. Increasing amounts of input chromatin were amplified with primers specific for the Cdc2 promoter gene in the presence of [␣-32 P]dCTP for quantitation. As shown in Fig. 2A , the PCR was linear throughout the titration, indicating that changes in chromatin levels could be accurately observed by radioactive PCR. Using this approach, we then investigated the promoters of the cyclin A, Cdc2, topoII␣, and TS genes for changes in histone H4 acetylation, as these targets were repressed by PSM-RB (Fig. 2B) . Specifically, A5-1 cells were cultured in the presence or absence of Dox for 24 h and were formaldehyde cross-linked, and ChIP assays were performed by utilizing antibody to acetylated histone H4. For each target promoter, input lanes (nonimmunoprecipitated DNA) confirmed that equal amounts of chromatin were used in all ChIP assays (Fig. 2B, lanes 1 and 2) . The antibody to Dbf-4 was utilized as a negative control, since the replication factor Dbf-4 is not expected to occupy these promoters ( Fig. 2A, lanes 5 and 6) . We found that, in the presence of PSM-RB, acetylated histone H4 association with the promoters of cyclin A, Cdc2, topoII␣, and TS was nearly abolished (Fig. 2B, compare lanes 3 and 4) . This effect is specific to RB-repressed genes, as no change in histone acetylation was observed on the hypoxanthine-guanine phosphoribosyltransferase promoter (Fig. 2B ). In contrast with acetylated histone H4 occupancy, which was diminished in the presence of PSM-RB, we found that E2F4 occupancy was unaffected by the induction of active RB (Fig. 2C, compare lanes 3 and 4) . Moreover, we detected HDAC1 preferentially bound to Cdc2 promoter in the presence of PSM-RB (Fig. 2C, compare lanes  5 and 6) . Therefore, the decrease in acetylated histone H4 on these promoters is a consequence of PSM-RB induction, and not all protein-promoter interactions were similarly affected. The reduction in acetylated histone H4 at these promoters strongly suggests that these promoters are actively deacetylated. This observation is consistent with RB/HDAC complexes acting on these promoters.
RB-induced histone deacetylation at specific promoters is mediated by HDACs. Histone deacetylation at the promoters of cyclin A, Cdc2, topoII␣, and TS in the presence of active RB (shown in Fig. 2 ) supports a critical role for HDAC in transcriptional repression. To determine the explicit requirement of HDACs for this transcriptional repression, we used TSA, a pharmacological inhibitor of HDAC activity. Initially, we determined the effect of TSA on bulk histone acetylation (Fig.  3A) . A5-1 cells were cultured in the presence and absence of Dox and TSA for 24 h. Cells were then harvested, and the levels of acetylated histone H4 and total histone H4 were evaluated by immunoblotting (Fig. 3A) . We found that TSA treatment resulted in the marked accumulation of acetylated histone H4 in a dose-dependent manner (Fig. 3A, top panel,  compare lanes 1, 2, 3, and 4) . Importantly, analysis of total histone H4 levels showed that TSA inhibited deacetylation and did not merely augment the expression of histone H4. Furthermore, TSA did not affect the expression of PSM-RB, HDAC1, or HDAC3. While performing these studies, we found that 100 nM TSA had a minimal effect on cell viability (data not shown). Therefore, we employed 100 nM TSA to study the requirement of HDAC activity for RB-mediated transcriptional repression.
To investigate the requirement of HDAC activity for RB-mediated histone deacetylation, we used TSA to inhibit HDAC activity and then monitored promoter histone acetylation. For this analysis, A5-1 cells were treated with or without Dox and TSA for 24 h. These cells were then used as substrates for ChIP assays with antibodies specific for acetylated histone H4 (Fig. 3B ). Nonimmunoprecipitated chromatin (Inputs) showed the relative amounts of chromatin used in each IP (Fig.  3B, lanes 2 to 5) . IP with nonspecific antibody to Dbf4 (Fig. 3B , lanes 7 to 10), without an antibody (Fig. 3B, lanes 11 to 12) , and without chromatin (Fig. 3B, lane 6 ) did not result in appreciable PCR product and thus provided evidence of specificity for the ChIP assay. Consistent with data described above, we observed histone H4 deacetylation on the promoters analyzed (Fig. 3B, compare lanes 13 and 14) . Surprisingly, TSA by itself did not augment the histone H4 acetylation observed on any promoter in the presence of Dox (Fig. 3B , compare lanes 13 and 15), indicating that HDAC activity was likely absent from the promoter in normal asynchronously proliferating cells. However, inhibition of HDAC activity by TSA resulted in marked acetylation of histone H4 on the promoters of topoII␣ and TS in the presence of PSM-RB (Fig. 3B , compare lane 14 to lane 16). Similar results were obtained for cyclin A and Cdc2 promoters. The use of [␣-32 P]dCTP in PCR enabled the quantitative analysis of product signal intensity. PCR product bands from acetylated histone H4 IPs were normalized to their corresponding inputs to account for variations in chromatin used in the ChIP assay. PCR-amplified products that were quantified by using phosphorimaging clearly showed that TSA blocks deacetylation of these promoters (Fig. 3C) .
Collectively, these data demonstrate that RB-induced deacetylation of cyclin A, Cdc2, topoII␣, and TS promoters requires HDAC activity. Since histone deacetylation is a critical mechanism of transcriptional repression, these results suggest that TSA may reverse RB-mediated cell cycle inhibition.
HDAC activity is dispensable for RB-mediated cell cycle arrest. To monitor the influence of HDAC inhibition on cell cycle progression, A5-1 cells were cultured in the presence or absence of Dox and TSA for 16 h before being pulsed with BrdU for 8 h. Surprisingly, cells cultured in the absence of Dox remained inhibited for BrdU incorporation in the presence of TSA (Fig. 4A and B) . To examine cell cycle distribution, we performed flow cytometric analysis of cells treated with or without Dox and TSA. As shown in Fig. 4C , we found that treatment with or without TSA, concurrent with PSM-RB (ϪDox) expression, did not significantly alter cell cycle position. Taken together, these data demonstrate that RB is able to maintain cell cycle arrest even in the absence of HDAC activity.
HDAC requirement for repression is promoter specific. The failure of TSA to rescue cells from RB-mediated cycle arrest suggested that inhibition of HDAC activity was not sufficient to alleviate transcriptional repression. Having established that histone deacetylation at cyclin A, Cdc2, topoII␣, and TS promoters by RB is the result of HDAC activity (Fig. 3B) , we sought to elucidate the functional significance of this event (Fig. 5) . A5-1 cells with integrated luciferase reporters of cyclin A, Cdc2, topoII␣, TS, and vector pGL2-B were cultured in the presence or absence of Dox and TSA for 18 h. Consistent with the failure of TSA treatment to augment promoter histone acetylation in the absence of PSM-RB (ϩDox), TSA did not 4, and 6 ) of Dox for 24 h and cross-linked with formaldehyde, and ChIP assays were performed as described in Materials and Methods. Residency of acetylated histone H4 at the indicated gene promoters was determined by carrying out the ChIP assay with antibodies specific to acetylated histone H4 (lanes 3 and 4) . Input (lanes 1 and 2) refers to PCR containing 1% of the total chromatin used in IP. IP with Dbf-4 (lanes 5 and 6) is a negative control. PCR products were detected by autoradiography. HPRT, hypoxanthine-guanine phosphoribosyltransferase. (C) Cells were cultured as described for panel B, except that immunoprecipitation was performed with antibodies specific for Dbf-4 (lanes 1 and 2), E2F4 (lanes 3 and 4), and HDAC1 (lanes 5 and 6). The mock represents a ChIP assay that was performed without the inclusion of chromatin substrate. PCR products were detected by autoradiography. Analysis of RB-mediated repression showed that TSA significantly alleviated RB-mediated promoter repression of Cdc2, topoII␣, and TS (Fig. 5A) . However, the promoter activity of cyclin A was not recovered in the presence of TSA (Fig. 5A) . The expression of these targets was also monitored through investigation of endogenous RNA levels (Fig. 5B) . Consistent with the reporter assays, we found that TSA ameliorated the attenuation of Cdc2, topoII␣, and TS RNA levels that is mediated by PSM-RB (Fig. 5B ). Again at the RNA level, TSA failed to relieve the inhibition of cyclin A by PSM-RB. As expected, ␤-actin RNA levels were unaffected upon treatment with either Dox or TSA (Fig. 5B) .
To determine whether the changes in RNA levels led to meaningful changes in protein levels, immunoblot analysis was performed. Analysis of cyclin A, Cdc2, topoII␣, and TS protein levels demonstrated PSM-RB-mediated attenuation (Fig. 5C,  compare lanes 1 and 2) . Consistent with the promoter and RNA analyses, treatment with TSA reversed the RB-mediated attenuation of Cdc2, topoII␣, and TS protein levels (Fig. 5C,  compare lanes 3 and 4) . However, TSA did not recover RBmediated inhibition of cyclin A protein levels (Fig. 5C, compare lanes 3 and 4) .
In addition to cyclin A, we analyzed the promoter activity of other genes associated with the RB/E2F-signaling axis and found that ribonucleotide reductase subunit II (RNRII) pro- moter activity was not recovered with TSA treatment (Fig. 5D) . Specifically, an integrated RNRII reporter was repressed by PSM-RB, and this repression was not alleviated with TSA (Fig. 5D, left panel) . Moreover, RNRII RNA (Fig. 5D , middle panel) and protein (Fig. 5D , right panel) levels were similarly reduced by RB action in the absence and presence of TSA. Thus, RNRII, like cyclin A, is also an HDACindependent target of RB-mediated repression. 1 and 2) or presence (lanes 3 and 4) of TSA for 18 h. Cells were harvested, and RNRII RNA levels were determined by RT-PCR. Right panel: A5-1 cells were cultured in the presence (lanes 1 and 2) or absence (lanes 3 and 4) of Dox and the absence (lanes 1 and 3) or presence (lanes 2 and 4) of TSA for 24 h. Cells were harvested, and RNRII protein levels were determined by immunoblotting.
HDAC-independent mechanism of cyclin A repression. It is known that transcriptional repression elicited by RB can occur through the action of corepressors in addition to HDACs. Specifically, it has recently been demonstrated that the cyclin A promoter is irreversibly silenced during induced senescence (48) . This pathway likely involves histone H3 lysine 9 methylation, heterochromatin protein 1 (HP1) recruitment, and DNA methylation of the promoter (34, 48, 52) . Therefore, we initially analyzed the histone H3 lysine 9 methylation of the cyclin A promoter during RB-mediated arrest (Fig. 6A ). Cells were cultured in the presence or absence of Dox to induce PSM-RB, and isolated chromatin was subjected to ChIP analysis using antibodies specific for histone H3 methylated on lysine 9. We observed histone H3 lysine 9 methylation on the myogenin promoter that is silenced in fibroblastic cells (Fig. 6A) . In contrast, we failed to detect histone H3 lysine 9 methylation on the cyclin A promoter above background, suggesting that this silencing mechanism is not responsible for cyclin A repression. Consistent with this observation, culture in 5-aza-2-deoxcytidine, which blocks DNA methylation and reverses silencing (41, 45, 50, 80) , failed to augment cyclin A promoter activity or protein levels in the presence of PSM-RB (Fig. 6B) . Finally, we determined whether the RB-mediated repression of the cyclin A promoter was reversible. To do so, cells were cultured in the absence of Dox to induce PSM-RB, and cyclin A promoter activity was repressed (Fig. 6C, left panel) . Readdition of Dox to the media resulted in the restoration of cyclin A promoter activity. Additionally, cyclin A protein levels were restored following the readdition of Dox (Fig. 6C, right panel) . Together, these results indicate that stable epigenetic silencing In addition to HDACs and silencing mechanisms, we and others have demonstrated that SWI/SNF activity plays a requisite role in the repression of the cyclin A promoter (70, 81) . Consistent with these studies, we observed that, unlike 5-aza-2-deoxcytidine or TSA, ectopic expression of dominant negative BRG-1 (dnBRG-1) that inhibits SWI/SNF activity augments the expression of cyclin A RNA (Fig. 7A, left panel) and protein (Fig. 7A , right panel) levels in the presence of PSM-RB (Fig. 7A) . These results indicate that chromatin remodeling represents a critical means through which cyclin A repression occurs. One possible explanation is that SWI/SNF functions in concert with RB to position nucleosomes near the transcription start site to inhibit transcription of the cyclin A promoter. Analysis of promoter structure was carried out in the presence or absence of PSM-RB by using the restriction enzyme accessibility assay in proximity to the transcription start site. We observed that chromatin from cells cultured in the absence of PSM-RB (ϩDox) was readily digestible (Fig.  7B, lanes 3) , whereas chromatin from cells expressing PSM-RB (ϪDox) was resistant to enzyme cleavage (Fig. 7B, lanes 4) . This change in chromatin structure was largely dependent upon SWI/SNF, as dnBRG-1 retarded the formation of the nuclease-resistant chromatin structure (Fig. 7B, lanes 6 ). These results indicate that chromatin remodeling occurs on the cyclin A promoter to mediate transcriptional repression.
DISCUSSION
RB represses the expression of multiple genes involved in cell cycle transitions. This transcriptional control has been attributed to multiple corepressors recruited by RB. Here we specifically focused on elucidating the role of HDACs in RBmediated transcriptional repression of four critical targets (cyclinA, Cdc2, topoII␣, and TS). We demonstrate that active RB leads to histone deacetylation on the promoters of these four genes, and the observed deacetylation is dependent on HDAC activity. This action of HDACs was required for the transcriptional repression of Cdc2, topoII␣, and TS genes, as TSA reversed RB-mediated repression. However, this action was promoter specific, as TSA failed to recover cyclin A or RNRII levels. Analysis of the HDAC-independent repression of cyclin A indicated that it was not due to epigenetic silencing mechanisms but was reversible and involved chromatin remodeling. Importantly, we demonstrate that the cell cycle-inhibitory action of RB is independent of HDAC enzymatic activity.
Together, these results demonstrate the intricate interplay between RB and HDACs in transcriptional regulation and cell cycle control.
Role of HDACs in RB-mediated transcriptional repression. HDACs represent corepressors that are identified as interacting with RB (6, 39, 40) . However, relatively few studies have analyzed their role in RB-mediated transcriptional repression and cell cycle control. Originally, it was demonstrated that HDAC activity is associated with RB, but only in the context of a synthetic promoter was histone deacetylation observed (39) . Subsequent studies have shown that specific RB/E2F target genes in fact undergo changes in promoter histone acetylation during the cell cycle (47, 58) . Our results shown here demonstrate that RB-mediated repression leads to histone deacetylation at all promoters analyzed. In principle, such an effect could be due to either recruitment of HDAC or the inhibition of HAT activity. Inhibition of HAT as a mechanism for pro- 2) . Parental A5-1 cells (lanes 3 and 4) or A5-1 cells engineered to inducibly express dnBRG-1 (lanes 5 and 6) were cultured in the presence or absence of Dox as indicated. Permeabilized nuclei were subjected to digestion with EagI, and then isolated genomic DNA was subjected to cleavage with KpnI and EcoRI. Restriction fragments were detected by radioactive Southern blotting. (74) . By using the HDAC inhibitor TSA, we could specifically demonstrate that the deacetylation of these promoters is dependent on the enzymatic activity associated with class I HDAC molecules (43) . The effect of RB on histone acetylation is not due to a bulk-deacetylation phenomenon, as total cellular levels of acetylated histone are not changed by the expression of PSM-RB. Interestingly, while TSA does lead to bulk histone hyperacetylation, it does not lead intrinsically to the hyperacetylation of histones at the E2F/RB-regulated promoters studied here. This could be because the histones at these promoters are already hyperacetylated or because HDAC is not associated with the promoter in asynchronously proliferating cells. Such a hypothesis is supported by the finding that we observed HDAC1 specifically associated with the Cdc2 promoter when PSM-RB was expressed. Clearly, in the context of RB-mediated repression, the mechanism of histone deacetylation is HDAC dependent and can be reversed by TSA on all promoters analyzed. The inhibition of histone deacetylation by TSA had functional consequences in the context of Cdc2, topoII␣, and TS gene expression. Interestingly, even in cases in which TSA only partially reversed RB-mediated histone deacetylation, TSA was capable of fully restoring promoter activity (i.e., the cdc2 promoter). Such a finding, for which there is precedent in the literature (60, 83) , suggests that only a moderate level of histone acetylation is required for transcriptional activity on specific promoters. In fact, TSA fully restored the promoter activity, endogenous RNA, and protein levels of Cdc2, topoII␣, and TS in the presence of PSM-RB. Such a finding is critical, as it demonstrates that HDAC activity represents the sole means through which RB mediates repression of these targets. In contrast, we failed to observe recovery of cyclin A expression when HDAC activity was inhibited in presence of RB, even though promoter histones were acetylated following TSA treatment. HDAC-independent mechanisms of transcriptional repression. The findings that we observe with cyclin A gene regulation indicate that RB utilizes mechanisms in addition to histone deacetylation to mediate repression. Such a conclusion is not without precedent (44, 81) . However, to definitively make such a conclusion, it is critical to determine that inhibition of HDAC activity actually reversed the histone deacetylation on the promoter. We clearly observed that TSA was sufficient to efficiently reverse RB-mediated histone deacetylation on the cyclin A promoter. Thus, the failure of TSA to reverse RBmediated repression of the cyclin A promoter is due to a mechanism that is clearly distinct from HDAC activity. Additionally, while we did not explicitly evaluate the RNRII promoter, it behaved in a manner similar to that of cyclin A in that its repression was independent of HDAC activity. Therefore, it seems likely that repression of cyclin A and RNRII by RB is dependent on other chromatin-modifying factors.
RB has been shown to associate with other chromatin-modifying enzymes to mediate transcriptional repression. Specifically, recent studies indicate that RB target genes (including cyclin A) are silenced through a mechanism involving histone methylation and HP1 chromatin association (48, 52) . Such silencing, which is observed in senescent cells, is irreversible (48, 52) . Here we find that the repression of cyclin A by PSM-RB does not involve irreversible silencing mechanisms, as we failed to detect any influence of histone or DNA methylation on RB-mediated repression of the cyclin A promoter. Additionally, the repression of the cyclin A promoter was readily reversible. Such a result is consistent with the ability of quiescent cells with the cyclin A promoter repressed to reenter the cell cycle (48) and with the failure to detect histone methylation or HP1 chromatin association with the cyclin A promoter in quiescent cells (48) .
In addition to silencing mechanisms and HDACs, RB is known to associate with components of the SWI/SNF chromatin remodeling complex, and the activity of SWI/SNF is required for the repression of cyclin A. For example, PSM-RB or expression of p16ink4a to activate endogenous RB in BRG-1-or BRM-deficient cell lines does not attenuate cyclin A and RNRII levels or lead to cell cycle arrest (references 70 and 81 and our unpublished data). One means through which SWI/ SNF acts is by facilitating histone acetylation and deacetylation. This action of SWI/SNF is not sufficient for cyclin A repression, as the promoter remained repressed even with histones acetylated. Rather, our results suggest that SWI/SNF is functioning to modify chromatin structure to inhibit transcription. Consistent with this model, we find that the nuclease accessibility in the region of the cyclin A transcription start site is inhibited during RB-mediated repression. Thus, chromatin topology, not histone modification, is likely sufficient for RBmediated repression events on the cyclin A promoter.
HDAC activity is not required for RB-mediated cell cycle inhibition. Another finding from our studies is that inhibition of HDAC activity by TSA does not rescue cells from arrest imposed by RB. This result is quite surprising, as TSA exerts pronounced effects on gene expression but has no detectable effect on RB-mediated cell cycle inhibition. Most likely, failure of TSA to block RB-mediated repression of cyclin A and similarly regulated genes (e.g., RNRII) is responsible for this phenomenon. Cyclin A is required for traversing the cell cycle (19, 55) , and thus lack of cyclin A expression alone might well explain the failure of cells to proliferate when HDAC activity is inhibited. An important extension of our work is based on the current use of HDAC inhibitors in clinical trials for treatment of several forms of cancer (33) . In this context, HDAC inhibitors are believed to reactivate genes that have been inappropriately silenced during tumor progression and thus inhibit tumor growth. Based on our findings that TSA does not reverse RB-mediated cell cycle arrest, we conclude that the treatment of tumors with HDAC inhibitors will not have the undesired effect of inactivating the RB pathway of cell cycle inhibition.
In summary, transcriptional repression of cell cycle genes by RB is a complex process involving multiple chromatin-modifying factors. Here we find that one class of factors, HDACs, play a critical role in the transcriptional repression programs elicited by RB. This action of HDACs is promoter specific and as such is not required for RB-mediated cell cycle inhibition.
